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CeIrSn with a quasikagome Ce lattice in the hexagonal basal plane is a strongly valence fluctuating
compound with a high Kondo temperature of TK ∼ 480K. We report a negative in-plane thermal
expansion α/T below 2K, which passes through a broad minimum near 0.75 K. Volume and a-axis
magnetostriction for B ‖ a are markedly negative at low fields and change sign before a sharp
metamagnetic anomaly at 6T. These behaviors are unexpected for Ce-based intermediate valence
systems, which should feature positive expansivity. Rather they point towards antiferromagnetic
correlations at very low temperatures. This is supported by muon spin relaxation measurements
down to 0.1K, which provide microscopic evidence for a broad distribution of internal magnetic
fields. Comparison with isostructural CeRhSn suggests that these antiferromagnetic correlations
emerging at T ≪ TK result from geometrical frustration.
Heavy fermion behavior in Ce- and Yb-based inter-
metallic compounds arises from the hybridization of lo-
calized 4f moments with conduction electrons. The
Kondo interaction increases exponentially with the an-
tiferromagnetic (AF) exchange J between the local 4f
and conduction electron spins, TK ∼ exp(J), while the
indirect exchange coupling between the moments varies
like TRKKY ∼ J
2. For large J , thus TK dominates and a
paramagnetic Fermi liquid ground state is expected with
all 4f moments bound in non-magnetic singlets. For very
large TK exceeding∼ 10
2K, not only the spin but also the
4f charge fluctuates, giving rise to intermediate valence
behavior [1]. Such intermediate valence behavior directly
manifests itself in the volume, which undergoes charac-
teristic changes as a function of temperature or magnetic
field. Since non-magnetic Ce4+ has a smaller ionic ra-
dius than magnetic Ce3+, intermediate valence behavior
results in positive thermal expansion, as in ordinary met-
als, and a positive magnetostriction due to the stabiliza-
tion of the Ce3+ valence state by magnetic field [2, 3].
In this Letter, we report an extraordinary negative low-
temperature thermal expansion and magnetostriction in
the intermediate valent CeIrSn and provide microscopic
evidence for AF correlations developing at temperatures
two orders of magnitude below the large TK ∼ 480K of
this material.
CeIrSn and its sister compound CeRhSn crystallize in
the hexagonal ZrNiAl-type structure in which the Ce
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atoms form a quasikagome lattice in the basal plane
[4]. The Kondo temperatures were estimated as TK ∼
240K (Rh) and ∼ 480K (Ir), from the Kondo maxi-
mum found in electrical resistivity and thermopower [5].
These high Kondo temperatures classify the materials as
valence fluctuating. Nevertheless, both compounds ex-
hibit non-Fermi liquid behavior below ∼ 2K [6, 7]. For
CeRhSn, AF spin fluctuations were detected by nuclear
magnetic resonance measurements at least down to 1 K
[8], while down to 0.05 K, muon spin rotation (µSR) ex-
periments confirmed the absence of long-range magnetic
order [9]. The magnetization shows a strong Ising-type
anisotropy demonstrated by the magnetic susceptibility χ
which exhibits χc/χa ∼ 10. CeRhSn and CeIrSn exhibit
anisotropic metamagnetic crossovers below 2K only for
fields applied perpendicular to the (easy) c-axis at BM =
3.5T and 5.5T, respectively [7, 10, 11]. For metamag-
netic crossovers in ordinary Kondo lattice systems, the
energy scale of µBBM should be comparable to kBTK,
where µB and kB are the Bohr magneton and the Boltz-
mann constant, respectively [12]. Strikingly, the BM val-
ues of both materials are two orders of magnitude smaller
than expected from the Kondo/valence fluctuation en-
ergy scales of 240K (Rh) and 480K (Ir).
The emergence of metamagnetic signatures deep inside
the valence fluctuating regime implies remaining mag-
netic correlations. Thermal expansion and magnetostric-
tion have proven to be highly suitable thermodynamic
probes to investigate this behavior (for their definition,
cf. supplemental material (SM) [13]). Since the expan-
sion coefficient measures the slope of entropy as a func-
tion of pressure, the entropy accumulation near a quan-
tum critical point (QCP) results in a sign change of ther-
2mal expansion [14]. In particular, a characteristically
negative thermal expansion is observed when the ground
state is tuned through a magnetic quantum critical point
to an AF ordered state [15–17].
For CeRhSn, the linear thermal expansion coefficient
along the a-axis divided by temperature αa/T diver-
gently increases on cooling, while Fermi liquid behavior
is realized along the c-axis [11]. This indicates that the
ground state is located in the vicinity of a quantum criti-
cal point which is sensitive to uniaxial stress along the a-
axis but insensitive to c-axis stress. Indeed, a sign change
and anomaly of αa/T indicative of long-range magnetic
order have been found at around 0.4K for a-axis uniax-
ial pressure pa ≥ 0.06GPa [18]. The anisotropic quan-
tum criticality and the formation of magnetic order for
in-plane stress have been associated with the Kagome
structure, whose frustration can be weakened by in-plane
distortion. More direct evidence for geometrical frustra-
tion has been reported for the isostructural compound
CePdAl, which displays partial magnetic order below
TN = 2.7K [19, 20] with only 2/3 of the Ce moments be-
ing involved down to 0.03K. In the isostructual CePtPb,
related residual spin dynamics inside the AF ordered
phase has been detected by µSR measurements [21]. Be-
low, we prove that isostructural CeIrSn, despite being a
strongly valence fluctuating Kondo lattice, features bulk
AF correlations at temperatures below 2K.
Single crystalline samples of CeIrSn were synthesized
by the Czochralski method by using an RF-induction
furnace [7]. A rectangular sample with dimensions of
1.81× 1.81× 2.07mm3 was used for the dilatation mea-
surements along the hexagonal principal directions a, c,
and a∗, where a∗ denotes the in-plane direction perpen-
dicular to a. Thermal expansion and magnetostriction
were measured by a miniaturized capacitive dilatometer
installed in a dilution refrigerator [22]. For more details
it is referred to the SM [13]. The µSR measurements
were carried out on the EMU spectrometer at ISIS Fa-
cility, whereby the sample was cooled down to 0.1K by
use of a dilution refrigerator. The crystallographic c-axis
was aligned parallel to the muon beam and the a-axis
vertical (⊥ to the muon beam). We performed zero field
(ZF) and transverse field (TF) µSR measurements. The
ZF data are shown below, while the TF-µSR results are
presented in the SM [13].
Figure 1(a) displays the magnetostriction coefficient
λa (∆L || B || a) of CeIrSn at various temperatures be-
low 2K together with data of CeRhSn at 0.08K from
Ref. [22]. At 0.05K and 0.5K, λa of CeIrSn exhibits
a clear peak at BM = 6T which agrees with the meta-
magnetic crossover fields determined by DC magnetiza-
tion M(B) and AC susceptibility χAC(B) [7]. At 2K,
the peak is suppressed and only a broad shoulder re-
mains. Interestingly, for fields below BM a negative λa is
found which becomes more pronounced as temperature
decreases. For CeRhSn, λa also changes sign but its neg-
ative minimum at low fields is about thirty times smaller
than the one of CeIrSn.
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FIG. 1. (Color online) (a) Linear magnetostriction coefficient
λa for ∆L || B || a. The data of CeRhSn at 0.08 K are ex-
tracted from Ref. [18]. The three principal axes of CeTrSn
(Tr = Ir and Rh) are visualized at the lower-right side. (b)
λc (∆L || c) and (c) λa∗ (∆L || a
∗) for B || a.
Figures 1(b) and (c) show the field dependence of the
magnetostriction along the two perpendicular directions
λc (∆L || c) and λa∗ (∆L || a
∗) for magnetic field B ‖ a.
The field evolution of λc is reversed compared to λa
(shown in panel (a)) with a similar sign change appear-
ing just before the sharp metamagnetic signature. By
contrast, λa∗ varies only weakly with B || a and displays
no sign change. The reversed variation of λa and λc indi-
cates that B || a induces an anisotropic dilatation in the
a-c plane.
By utilizing the expression λV = λa+λc+λa∗ , we cal-
culate the field dependence of the volume magnetostric-
tion for B || a. As shown in Fig. 2, λV exhibits a nega-
tive minimum for B < BM which is gradually suppressed
on warming. The sign change shifts to slightly higher
fields with increasing temperature. At low temperatures
of 0.05K and 0.5K, a sharp maximum is found around
6T, indicative of the metamagnetic crossover, which is
suppressed at 2K. Beyond the metamagnetic signature,
λV depends only weakly on T and B. The Maxwell rela-
tion (
∂V
∂B
)
P
= −
(
∂M
∂P
)
V
(1)
indicates that the magnetization exhibits a positive hy-
drostatic pressure dependence below BM. This finding is
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FIG. 2. (Color online) Volume magnetostriction coefficient
λV for B || a at various temperatures. The inset shows the
field variation of B dM/dB for B || a at 0.5 K, calculated
from the DC magnetization data extracted from Ref. [7].
in stark contrast to conventional Ce-based non-magnetic
valence fluctuating compounds, for which the application
of hydrostatic pressure stabilizes the non-magnetic Ce4+
state and therefore suppresses the magnetization [2]. As
indicated in Fig. 1, the negative λV mainly arises from
the largely negative longitudinal linear magnetostriction
λa which overcomes the positive contribution from λc.
The negative λa suggests that uniaxial pressure along the
a-axis increases the magnetization for fields below 5T.
The sign change of λV from negative to positive in
vicinity of BM found in CeIrSn is unconventional among
valence fluctuating and Kondo lattice systems with a
metamagnetic crossover. A conventional example is
CeRu2Si2 which exhibits a sharp metamagnetic crossover
at BM = 7.7T [23], where λV is positive below and
above BM [24, 25]. Furthermore, the field dependence
of λV is related to the differential susceptibility χ(B) =
dM(B)/dB by a single constant positive parameter Ω
[26, 27] as
λV (B) = ΩBχ. (2)
The parameter Ω = −d logBM/d logV =
1/κT (BM)
−1(dBM/dp) (κT : isothermal compressibility)
quantifies the volume dependence of the metamagnetic
transition field [28]. It is constant if the free energy
scales with respect to B/BM, implying that BM is the
dominating field scale. For Ce-based Kondo systems, the
Kondo scale and thus also the metamagnetic transition
field increase with pressure, giving rise to a positive
scaling parameter Ω and, since the other factors in
Eq. (2) are also positive, a positive magnetostriction
coefficient λV . In contrast to Ce systems, the Kondo
scale of Yb systems decreases under pressure and thus
λV < 0 is expected. For instance, in YbCu5 (BM = 17
T) and YbIr2Zn20 (BM = 9.7 T for B || [100]) λV
remains negative below and above BM and follows the
magnetic susceptibility [12, 29, 30]. Generally, the
scaling relation between dM/dB and λV requires that
one dominating parameter governs the metamagnetic
behavior.
The inset of Fig. 2 displays BdM/dB as a function
of B || a for CeIrSn at 0.5K calculated from the DC
magnetization data in Ref. [7], which is positive in the
whole field range. Thus, the sign change of λV below the
metamagnetic transition indicates that the scaling Eq.
(2) is violated, in contrast to the conventional param-
agnetic heavy-fermion systems described above. Indeed,
the negative sign of λV at low fields is unusual for Ce-
based systems and fully unexpected for an intermediate
valence material with TK as large as 480K. Since mag-
netostriction is a volume sensitive probe, there is no way
to associate this anomalous behavior with spurious sec-
ondary or impurity phases. From Eq. (1), λV < 0 in-
dicates an increase of the magnetization with pressure.
Such increase is typically associated with the suppres-
sion of AF order or AF correlations by pressure. In fact,
a similar negative-positive sign change of λV at BM was
also observed in the Ce-based antiferromagnets CeAl2
and CeRh2Si2 [31, 32]. Thus, the negative magnetostric-
tion λV < 0 for CeIrSn suggests the development of co-
operative magnetism at low fields and low temperatures.
The increase of the minimum field of the negative con-
tribution to λV with increasing temperature reminds of
the Zeeman splitting of a Schottky anomaly. However,
the Zeeman splitting of the ground state doublet would
occur at much larger field corresponding to the Kondo
energy scale and, more importantly, it would lead to a
positive peak in λV .
Figure 3 displays the temperature dependence of the
linear thermal expansion coefficients of CeIrSn, shown as
αa/T , αa∗/T and αc/T at zero field. The former two ex-
pansiveness are negative below 2K and show a minimum
at ∼ 0.75K, in contrast to a positive αc/T . For com-
parison, we also plot αa/T of CeRhSn at almost ambient
pressure and under a uniaxial stress P || a of P = 0.2GPa
[11, 18]. Note that α/T of CeRhSn, measured at almost
ambient pressure, diverges only for ∆L || a, indicating
that quantum criticality only couples to in-plane stress.
This suggests quantum criticality driven by geometrical
frustration and indeed the application of a distorting a-
axis uniaxial stress releases the non-Fermi liquid behavior
and leads to a sign change of α at low temperatures.
As shown in Fig. 3, the α/T data of CeIrSn along the
three directions do not diverge upon cooling to zero. This
behavior is evidently different to the divergent behav-
ior in αa/T of CeRhSn at almost ambient pressure but
qualitatively resembles the behavior found at a uniaxial
stress of 0.2GPa. The uniaxial stress induced discontinu-
ous change of αa/T in CeRhSn is attributed to magnetic
ordering [18]. The negative in-plane thermal expansion
without discontinuity observed in CeIrSn may thus indi-
cate a short-range order. We recall that a negative ther-
mal expansion manifests itself in Ce-based compounds
such as CeCu6−xAux and CeRhIn5−xSnx when crossing
the magnetic quantum critical points from a paramag-
4-0.2
-0.1
0
0.1
0.2
0 0.5 1 1.5 2 2.5
α
 
/ T
 
(10
-
6  
K 
-
2 )
T (K) 
∆L || c
CeIrSn
B = 0 T
CeRhSn
∆L || a 
∆L || a 
∆L || a*
∆L || a
|| P = 0.2 GPa
|| P ~ 0
FIG. 3. (Color online) Linear thermal-expansion coefficient
as α/T of CeIrSn for ∆L || a (circle), ∆L || c (triangle), and
∆L || a∗ (square) at zero field. αa/T at almost zero pressure
and at P || ∆L || a (P = 0.2GPa) of CeRhSn are extracted
from Ref. [11, 18].
netic to an AF ordered state [15, 16].
The anomalous negative in-plane thermal expansion
and negative volume magnetostriction suggest that, de-
spite its huge Kondo scale of 480K, CeIrSn features a
magnetic ground state. In order to obtain further micro-
scopic information on the magnetic properties, we uti-
lized µSR measurements. Figure 4(a) shows the ZF-µSR
spectra measured at various temperatures ranging from
0.1K to 4K. The ZF-µSR data show neither loss of the
initial asymmetry nor sign of frequency oscillations down
to 0.1K. For a classical long-range magnetically ordered
system below the magnetic transition temperature, ZF-
µSR spectra exhibit either frequency oscillations for a
small ordered moment or loss of initial muon asymmetry
for a larger ordered moment (typically observed in ISIS-
pulsed muon studies due to pulsed width of muon beam).
The ZF-µSR results indicate the presence of two compo-
nents in the relaxation (Lorentzian form) below 2.5K,
while the spectra can be fitted with one slow component
above 2.5K.
The ZF-µSR spectra were fitted using various forms
of the relaxation functions with one or two components.
The best fits were obtained using Eq. (3) given below.
Gz(t) = AZF1e
−λZF1t +AZF2e
−λZF2t +ABG, (3)
where AZF1 (AZF2) and λZF1 (λZF2) are the initial
asymmetries and the electronic relaxation rates of the
slow (fast) components, respectively. ABG is the non-
relaxing background contribution from the silver sam-
ple holder, which was estimated to be 5% by fitting the
0.1K spectra and was kept fixed. The results of the fit
are presented in Fig. 4(b). At 4K, the initial asym-
metry (AZF2) of the fast relaxation is almost negligi-
ble (2%), while the one of the slow relaxation (AZF1)
dominates (23%). With decreasing temperature, AZF1
FIG. 4. (Color online) (a) Zero field µSR spectra collected at
the indicated temperatures. The solid curves are fits to the
data by use of Eq. (3). (b) Temperature dependence of the
slow (λZF1) and the fast (λZF2) relaxations. The inset shows
the temperature dependence of the initial asymmetry of the
slow relaxations (AZF1) and the fast one (AZF2).
starts decreasing while AZF2 starts increasing. After they
cross near 1.2K, the total asymmetry (AZF1+AZF2) re-
mains temperature independent. At 0.1K, AZF2 is domi-
nant (20%) and AZF1 has smaller (5%) contribution. In
contrast to the increase in the fast relaxation λZF2 on
cooling, the slow relaxation component λZF1 exhibits a
peak at ∼ 0.75 K, which indicates the development of
dynamical short-range magnetic correlations. Notably,
this temperature agrees well with the temperature where
αa/T shows a minimum. The overall behavior of ZF-
µSR spectra shows the presence of a very broad distribu-
tion of internal field without coherent precession of muon
spins (see Fig. S3 in the SM [13]). The Lorentzian re-
laxation function fits the µSR data of CeIrSn which is
better than the stretch-exponential or root exponential
functions used for a spin-glass system. The results of this
analysis indicate that the ground state of CeIrSn is dif-
ferent from the classical spin-glass phase. These results
are supported through the distribution of a broad inter-
nal field in our TF-µSR presented in the SM [13]. The
ZF-µSR spectra of CeRhSn exhibit only one Lorentzian
component [9] with a weak anomaly near 1K, while the
asymmetry exhibits a similar temperature dependence as
5the one of AZF2 in CeIrSn. Furthermore, the tempera-
ture dependences of the ZF- and TF-µSR asymmetries
in CeIrSn indicate homogeneous magnetism without any
phase separation. Thus, CeIrSn has two relaxation com-
ponents. We note that a coexistence of magnetic order
and magnetic fluctuating components was observed in
the isostructural antiferromagnets CePdAl and CePtPb
[19–21], likely caused by the frustrated quasikagome lat-
tice.
As discussed above, application of a-axis uniax-
ial stress, which evades frustration, has induced low-
temperature magnetic ordering in CeRhSn [18]. Such
a-axis stressed CeRhSn and CeIrSn share similar fea-
tures such as a negative in-plane linear thermal expansion
due to magnetic correlations. The giant negative mag-
netostriction along the a-axis in CeIrSn also indicates
that the magnetism is highly sensitive to in-plane uni-
axial stress. Thus, the strong valence fluctuating mate-
rial CeIrSn exhibits a highly uniaxial pressure-sensitive
magnetism below 2K. The existence of such an exotic
magnetic state deep inside the valence fluctuating regime
may be caused by the competition between Kondo sin-
glet formation and geometrical frustration in the ZrNiAl
structure.
In this paper, we have reported anomalous negative
in-plane linear thermal expansion below 2K and nega-
tive volume magnetostriction at fields below a metam-
agnetic crossover BM ∼ 6T (B ‖ a) in the quasikagome
Kondo lattice CeIrSn. This behavior is unexpected for an
ordinary intermediate valence state and points towards
AF correlations, that are polarized beyond BM. The ZF-
µSR relaxation has two components. The relaxation rate
of the slow component exhibits a peak around 0.75K,
while that of the fast component (developing below 2K)
saturates at this temperature, which coincides with the
broad minimum of the negative a-axis thermal expansion.
While µSR provides microscopic evidence for a broad dis-
tribution of quasi-static internal magnetic fields, thermal
expansion and magnetostriction indicate that this is re-
lated to antiferromagnetism of bulk nature, incompatible
with only a minor volume fraction. Importantly, magne-
tostriction and magnetic susceptibility near the metam-
agnetic crossover do not obey the scaling relation typi-
cally found in valence fluctuating systems, where metam-
agnetism is caused by the Zeeman splitting of Kondo sin-
glets. In fact, for CeIrSn the metamagnetism is found at
energies two orders of magnitude below the bare Kondo
scale. By comparison with isostructural CeRhSn, we
conclude that magnetic frustration, resulting from the
quasikagome structure, likely counter acts Kondo singlet
formation even in this strongly intermediate valence ma-
terial.
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